occurred within 5 min of elicitor treatment. Induction of transcription of PAL, CHS, and HRGP genes was also observed in wounded hypocotyls and in infected hypocotyls during race-cultivar-specific interactions with the fungus Colktotrichum lindemuthianum, the causal agent of anthracnose. Transcriptional activation occurred not only in directly infected tissue but also in distant, hitherto uninfected tissue, indicating intercellular transmission of an endogenous signal for defense gene activation. It is concluded that transcriptional activation of defense genes characteristically underlies induction of the corresponding defense responses and expression of disease resistance.
Plant disease resistance involves inducible defense mechanisms such as the accumulation of host-synthesized phytoalexin antibiotics, deposition of lignin-like material, accumulation of hydroxyproline-rich glycoproteins (HRGPs) and proteinase inhibitors, and increases in the activity of certain hydrolytic enzymes, e.g. chitinase (44) . Such responses can be induced not only by infection but also by glycan, glycoprotein, or lipid elicitor preparations obtained from fungal cell walls and culture filtrates (15) and in some cases by structurally unrelated artificial elicitors or mechanical damage (15, 18, 44) .
Biological stress causes extensive characteristic changes in the pattern of protein synthesis that are related to the expression of specific defense responses (18) . Thus, in suspension-cultured bean cells (Phaseolus vulgaris L.), fungal elicitor stimulates the synthesis of chitinase and several enzymes of phenylpropanoid biosynthesis involved in the production of lignin precursors and isoflavonoid-derived phytoalexins, as well as accumulation of HRGPs (9, 12; unpublished data). RNA blot hybridization with cloned DNA sequences has shown that elicitor stimulates accumulation of mRNAs encoding phytoalexin biosynthetic enzymes and HRGPs (29, 42, 46) . Increased levels of these mRNAs are also observed in wounded bean hypocotyls and during race-and cultivar-specific interactions following infection with the fungus Colletotrichum lindemuthianum, the causal agent of anthracnose (7, 8, 12) .
These and similar observations in other systems suggest that specific activation of defense genes might underlie expression of the corresponding defense responses (11, 29, 40, 43) . To address this question initially, we analyzed the pattern of mRNA synthesis by blot hybridization and in vitro translation of newly synthesized mRNA separated from preexisting RNA by organomercurial affinity chromatography after in vivo labeling of bean cells with 4-thiouridine (13) . By these means it was demonstrated that elicitor * Corresponding author. stimulated the synthesis of mRNAs encoding phenylalanine ammonia-lyase (PAL), the first enzyme of phenylpropanoid biosynthesis involved in the synthesis of lignin precursors and isoflavonoid-derived phytoalexins, and chalcone synthase (CHS), the first enzyme of a branch pathway of phenylpropanoid metabolism specific to the synthesis of flavonoids and isoflavonoid-derived phytoalexins. Twodimensional gel electrophoretic analysis of the in vitro translation products encoded by purified newly synthesized RNA showed that induction of these mRNAs was part of a rapid and extensive change in the overall pattern of mRNA synthesis directing the production of a set of proteins associated with expression of disease resistance.
We now demonstrate, by analysis of transcripts completed in vitro in isolated nuclei, that induction of the synthesis of PAL, CHS, and HRGP mRNAs and accumulation of these mRNAs in elicited cells and wounded or infected hypocotyls reflects marked stimulation of the transcription of the corresponding genes. In particular, concomitant transcriptional activation of PAL and CHS genes occurs within 5 min of elicitor treatment. This represents one of the most rapid molecular events hitherto observed that can be causally related to the expression of plant defense responses, with kinetics comparable to those of rapid gene activation systems in animal cells.
MATERIALS AND METHODS
Fungal cultures and elicitor preparations. The source, maintenance, and growth of C. lindemuthianum and generation of conidia were as described previously (3) . Elicitor, at a final concentration of 60 ,ug of glucose equivalent per ml, was the high-molecular-weight fraction released by heat treatment of isolated mycelial cell walls (1, 32).
Plant material. Bean (P. vulgaris L. cv. Canadian Wonder) cells were grown as described previously (17) , except that the cultures were maintained in darkness. Experiments were conducted with 7-to 10-day-old cultures, the medium of which exhibited a conductivity between 2.2 and 2.6 S.
LAWTON AND LAMB
Germination and growth of bean cv. Kievitsboon Koekoek and inoculation of hypocotyls from 8-day-old seedlings with spores of C. lindemuthianum races ,B and ry were done as described elsewhere (7) . For wound induction, hypocotyl segments (5 mm) were excised from 8-day-old seedlings and incubated in 5 mM potassium phosphate, pH 5.5, at 25°C under sterile conditions as described previously (45) . Plant material was either used directly for preparation of nuclei or frozen in liquid N2 and stored at -70°C until required.
Isolation of nuclei. Nuclei were prepared by the method of Luthe and Quatrano (33) with minor modifications. Frozen tissue was ground to a fine powder in liquid N2 with a pestle and mortar. All subsequent manipulations were done at 4°C. Powdered frozen tissue or fresh tissue (3 to 10 g, fresh weight) was homogenized in 10 volumes of buffer A (0.44 M sucrose, 25 mM Tris hydrochloride, pH 7.6, 10 mM MgCl2, 10 mM 2-mercaptoethanol, 50 g of Dextran T.40 (Pharmacia) per liter, 25 g of Ficoll 400 (Pharmacia) per liter, 5 g of Triton X-100 per liter, 2 mM spermidine hydrochloride, 2 mM phenylmethylsulfonyl fluoride) for 30 s with a Polytron (Brinkman) at a setting of 2 to 3. The resultant slurry was filtered through three layers of cheesecloth and one layer of nylon mesh (70-jm pore size; Spectramesh) followed by centrifugation at 1,500 x g for 5 min. The pellet was suspended in buffer A, layered onto a discontinuous Percoll gradient as described previously (33) , and centrifuged at 4,000 x g for 30 min. Nuclei banded above the 2 M sucrose cushion and were collected with a wide-mouth pipette. Nuclei were washed twice in buffer A, once in buffer A without spermidine hydrochloride, and once in nuclear resuspension buffer (50 mM Tris hydrochloride, pH 7.8, 5 mM MgCl2, 20 mM 2-mercaptoethanol, 20% glycerol). The final nuclear pellet was suspended in 0.25 ml of nuclear resuspension buffer, and portions were stored in liquid N2.
The yields of nuclei were about 1 x 106 to 5 x 106 nuclei per g (fresh weight) of cultured cells and 1 x 105 to 5 x 105 nuclei per g (fresh weight) of hypocotyl tissue. Yields of nuclei from fresh cells that had not been frozen were 5 to 10 times higher than from frozen cells, although no such difference was observed with hypocotyl tissue. While nuclei obtained from cells were largely intact and of regular shape, nuclei from hypocotyl tissue were considerably more damaged. All nuclear preparations contained some cell wall contaminants, although neither this nor the morphological state of the nuclei affected incorporation of [a-32P]UTP into acid-precipitable material.
In vitro transcription in isolated nuclei. Up to 106 nuclei were incubated in 10 ,ul of a solution containing 20 mM Tris hydrochloride, pH 7.8, 75 mM (NH4)2SO4, 5 mM MgCl2, 2 mM MnCl2, 0.5 mM each ATP, CTP, and GTP, 1 mM dithiothreitol, 8% glycerol, and 1 mCi of [a-32P]UTP (600 Ci/mmol, 1 Ci = 37 GBq; New England Nuclear Corp.) per ml. Since elicitor is known to induce RNase activity (6), RNasin (Promega Biotech) was included (750 U/ml) to prevent degradation of newly synthesized transcripts. The reaction was initiated by addition of nuclei and, after incubation at 26°C for 30 min, was terminated by spotting samples onto filter paper strips (Whatman 3MM), which were then washed in an ice-cold solution containing 100 g of trichloroacetic acid and 10 g of Na4P207 per liter for 10 min, followed by two washes in an ice-cold solution of 50 g of trichloroacetic acid and 10 g of Na4P207 per liter and one rinse in absolute ethanol. The dried filters were counted by liquid scintillation spectrometry. Freezing and thawing of nuclei had no effect on transcriptional activity in vitro, and there was no difference in the specific rate of transcription in nuclei isolated from fresh unfrozen material or frozen material (23 Hybridization of in vitro-labeled transcripts to filter-bound DNA sequences was done as described elsewhere (11 performed in vitro with nuclei isolated from cells at various times after elicitor treatment. Incorporation of [32P]UTP into RNA transcripts was proportional to the amount of nuclei in the incubation. Transcription was linear with time over the first 30 min and continued for up to 90 min. These kinetics resemble those reported in other studies (4, 11, 22, 23, 33) , and incorporation of label can be assumed to reflect the completion of transcripts initiated in vivo prior to the isolation of nuclei (14) .
Specific 32P-labeled transcripts were detected by hybridization to immobilized cloned DNA sequences under conditions of DNA excess, so that hybridization was proportional to the amount of input RNA but was unaffected by increasing the amount of filter-bound DNA. Nonspecific hybridization to unrelated sequences and vector sequences was insignificant, as revealed by (i) the negligible binding to vector sequences relative to insert sequencs following fractionation of plasmid digests by gel electrophoresis prior to immobilization and blot hybridization (Fig. 1) and (ii) direct comparison within serial slot blots. Thus, in these experiments, the amount of 32P-labeled RNA hybridized to a specific immobilized cloned DNA sequence directly reflected the amount of RNA polymerase activity associated with the corresponding gene in vivo at the time of nucleus isolation.
Elicitor induction of gene transcriptions. cDNA clones Hi and H7 contained sequences complementary to highly abundant and rare RNA species, respectively, which were unaf- fected by elicitor treatment. As a control, it was shown that elicitor had no effect on the constitutive transcription of these cDNA sequences, as judged by the extent of hybridization of 32P-labeled transcripts to immobilized Hi and H7 sequences as a proportion of total incorporation of label into acid-insoluble material. In contrast, by the same criterion and by comparison with the rate of Hi transcription as an internal control, elicitor caused a marked and very rapid stimulation of the transcription of PAL and CHS genes. Maximum rates of transcription were observed about 80 min after elicitor treatment, corresponding to the onset of the phase of most rapid increase in hybridizable PAL and CHS mRNAs (Fig. 2) . Subsequently, the rate of transcription of PAL and CHS genes rapidly decayed to relatively low levels.
In contrast to the rapid 10-fold stimulation of PAL and CHS gene transcription, elicitor caused a slower, less extensive, but more prolonged stimulation of HRGP gene transcription (Fig. 2) (Fig. 3) . The time points represent the time from addition of elicitor to the culture medium until homogenization of harvested cells in extraction buffer. Microscopic examination revealed that virtually all cells were disrupted after 20 s of homogenization, and hence the transcriptional apparatus of the isolated nuclei should be representative of the in vivo state at the time of cell breakage. This analysis revealed a marked and very rapid, coordinate increase in the rate of transcription of PAL and CHS genes; two-to threefold increases in the rate of transcription were observed 5 min after elicitor treatment. By 10 min after -elicitor treatment the rates of transcription of PAL and CHS genes were 10-fold and 7-fold greater than prior to addition of elicitor, respectively (Fig. 3) . Examination of the rate of transcription at-earlier time points was not feasible in relation to the time required for experimental manipulations, but interpolation of the data suggested that PAL and CHS gene transcription began to increase within 2 to 3 min of elicitor treatment. Moreover, induction of the response may involve processing of the high-molecular-weight elicitor molecules and uptake of the active species, further indicating that transcriptional activation of PAL and CHS genes occurs extremely rapidly following perception of the elicitor signal. As expected, no change in the rate of HRGP gene transcription was seen in the early stages following elicitor treatment. Transcriptional activation in infected hypocotyls. The rates of transcription of PAL, CHS, and HRGP genes were also El _l FIG. 4 . Induction of transcription of PAL, CHS, and HRGP genes in excised hypocotyl segments and infected hypocotyls during race-cultivar-specific interactions with physiological races of C. lindemuthianum. Nuclei were isolated 4 h after excision of hypocotyl segments and from infected hypocotyls 150 h after inoculation with spores of the compatible race ry and 79 h after inoculation with spores of the incompatible race P. Nuclei from infected hypocotyls were isolated from (panels 1) directly infected tissue (site 1), (panels 2) tissue laterally adjacent to directly infected tissue (site 2), and (panels 3) tissue underlying sites 1 and 2 (site 3). The numbers to the right of each slot refer to the rate of transcription relative to that in nuclei from equivalent unwounded, uninfected control hypocotyls (panels 4) at time zero and are corrected by reference to the rate of transcription of the constitutively expressed gene encoding Hi sequences. The data for time zero in panels 4 are displayed adjacent to each induction system to facilitate comparison. measured in infected hypocotyls during race-cultivarspecific interactions with physiological races of C. lindemuthianum (Fig. 4) . Nuclei were isolated from directly infected tissue underlying the site of spore inoculation (site 1), from tissue laterally adjacent to the infected tissue (site 2), and from tissue beneath sites 1 and 2 (site 3) (7). Following application of spores of C. lindemuthianum to the unwounded hypocotyl surface, there is a period of 30 to 40 h during which the spores germinate to form an appresorium and primary infection peg leading to penetration of the first host cell (3, 39) . In the incompatible interaction with race ,B there is subsequently a marked accumulation of PAL, CHS, and HRGP mRNAs in the period from 50 to 100 h after spore inoculation (8, 46) . Accumulation of these mRNAs is most pronounced in site 1, but marked accumulation is also observed in distant, uninfected tissue (sites 2 and 3). mRNA accumulation is correlated with activation of the corresponding defense responses and expression of localized hypersensitive resistance in directly infected tissue and establishment of induced systemic immunity in distant, hitherto uninfected tissue (2, 3, 16 ). In contrast, in the compatible interaction with race fy, there is no increase in PAL, CHS, and HRGP mRNAs in the early stages of infection but rather a delayed, widespread response resulting in marked accumulation of these mRNAs between 150 and 192 h after spore inoculation (8, 46) , correlated with attempted lesion limitation (2, 3) . No increase in these mRNAs is detected in mock-infected hypocotyls (8) .
In the present study, analysis of nuclear runoff transcripts revealed that infection caused a marked stimulation of PAL, (Fig. 4) .
DISCUSSION
The present data reveal transcriptional activation of a set of plant defense genes in response to elicitor treatment, infection, and wounding. A previous study has shown tran (10, 21, 37) . Together with transcriptional activation of auxin-responsive genes of unknown function in soybean plumules (23) , these represent the earliest transcriptional events hitherto observed for specific plant genes in response to an exogenous signal.
The rapidity of the induction of bean PAL and CHS genes by elicitor implies that the signal transduction system is in place prior to elicitor treatment and that there are few intervening steps between elicitor binding to a putative plant cell receptor (15, 18, 44) and specific transcriptional activation of these genes. Hence, PAL and CHS gene activation might involve direct interaction of an elicitor-receptor complex with cis-acting regulatory DNA sequences, as postulated for transcriptional activation by steroid hormones in animal cells (27) (19, 24-26, 28, 38) or related plant wound signals, such as proteinase inhibitor-inducing factor (41) .
In conclusion, the marked activation of defense gene transcription in response to elicitor provides an attractive system for analysis of the molecular mechanisms involved in signal perception and transduction underlying specific regulation of plant gene activity by environmental factors. Furthermore, the observation of transcriptional activation of defense genes in response to elicitor, wounding, and infection focuses attention on the organization and structure of these genes in relation to activation by biological stress and provides a basis for strategies for enhancing plant disease resistance by gene manipulation (30 
